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ABSTRACT

Bovine serum albumin (BSA) Langmuir monolayer, as a model of biomineralization-associated proteins, was
used to study its effect on regulated biomineralization of calcium carbonate. The effects of the BSA Langmuir
monolayer and the concentration of the subphase solution on the nucleation and growth processes and
morphology of the calcium carbonate crystal were investigated. The morphology and polymorphic phase of
the resulting calcium carbonate crystals were characterized by scanning electron microscopy (SEM) and X-
ray diffraction analysis (XRD). Moreover, the interaction mechanisms of the subphase solution with the BSA
Langmuir monolayer were discussed. It was found that BSA Langmuir monolayer could be used as a template
to successfully manipulate the polymorphic phase and crystal morphology of calcium carbonate and had
obvious influence on the oriented crystallization and growth. The final morphology or aggregation mode of
the calcite crystal was closely dependent on the concentration of calcium bicarbonate solution. It is expected
that this research would help to better understand the mechanism of biomineralization by revealing the

interactions between protein matrices and crystallization of calcium carbonate crystal.

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

In nature, proteins are commonly used to direct and control the
crystallization process of biominerals such as calcium carbonate with
special orientation, texture, and morphology at ambient conditions
[1]. Inspired by the formation of biominerals, a variety of mimetic
methodologies have been designed and applied to investigate the
possible formation mechanisms of natural biominerals [2,3]. Many
soluble organic templates such as amino acids [4], polycarboxylic
acids [5], synthetic peptides [6], and dendrimers [7] have been applied
to control the mineralization process in vivo, following the idea of
protein-directed biomineralization. In recent years, various proteins
have been developed to control the mineralization process of calcium
carbonate in solution, based on the fact that the biomineralized
materials often contain proteins that are rich in glutamic or aspartic
acid residues, and a variety of materials with novel microstructures
have been successfully produced [8-12].

It is well known that a locally supersaturated solution is firstly
generated by the organisms near the biomacromolecule surface
when biominerals are deposited. Thus it could be feasible to simulate
the biomineralization process by choosing suitable bioorganic
surfaces to manipulate the supersaturated solutions of interest.
Langmuir monolayer is an excellent candidate for this purpose: they
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are already in contact with water, they are ordered, and their
structures are well-known and can be varied by changing pressure,
temperature and other experimental parameters. Recently, the
nucleation of inorganic crystals under Langmuir monolayer has
been extensively studied [13-18]. Mann and coworkers have
performed extensive studies of the nucleation of calcium carbonate
[13,14], barium sulfate [15]. They found that preferentially nucleated
crystals would be prepared under organic Langmuir monolayer with
specific polymorphs and specific lattice orientations. Weiner and
Traub have proposed an epitaxial model for aragonite formation in
nacre with distinct [001] orientation [16,17]. Volkmer and coworkers
demonstrated that charge density plays a key role in the oriented
growth of CaCOs crystals under a monolayer of amphiphilic octa-
acids [18]. However, the systematic understanding of additive
controlled mineralization is still unclear. And few has been reported
about the influence of protein on the precipitation of calcium
carbonate under Langmuir monolayer, though some studies have
been recently reported about the effect of proteins on the crystal
growth of calcium carbonate in mixed solutions [19-21]. In the
present work, the influence of bovine serum albumin Langmuir
monolayer on the growth process and morphology evolution of
calcium carbonate crystals at different subphase concentrations was
investigated. We aim at exploiting a simple and facile method to
preparing unusual structures via properly adjusting the subphase
concentration. The possible biomineralization-associated formation
mechanism of CaCOs crystals is also discussed. We are hoping to
acquire more insights into the biomineralization mechanism and
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Fig. 1. Primary sequence of BSA. This protein also contains Asp and Glu (97 residues, highlighted in yellow), Arg and Lys (82 residues, highlighted in magenta), as well as Gly
(16 residues, highlighted in blue). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

provide practical guidance to the synthesis of new special functional
materials.

2. Experiment
2.1. Materials

Analytical grade CaCO; was obtained from Tianjin Institute of
Biological Products (Tianjin, China). Analytical grade bovine serum
albumin was commercially obtained (Sigma, USA; primary sequence
shown in Fig. 1). Analytical grade amyl alcohol was commercially
obtained from Tianjin Chemicals Co. Ltd., China. All solutions were
prepared with MQ-water with a resistance of 18 MQ cm™. The
protein solutions were prepared with MQ-water, and 0.05% (v/v)
amyl alcohol was added in all cases to improve the spreading process
[22].

Ca(HCO3), solutions with different concentrations ([Ca®"]=2.5,
5.0, and 7.5 mM) were prepared according to the procedures reported
by Kitano [23]. The resulting supersaturated solution had a pH value
of 7.2-7.4. The protein monolayer at the air-water interface was
formed by spreading the BSA solution (0.1 mM) on the supersaturated
calcium bicarbonate solutions. A 30-min lapse time was estimated to
be sufficient for the protein monolayer to equilibrate before compres-
sion. A very low compression rate of ca. 3 mm/min was kept in the
present research to obtain reproducible BSA isotherms [24]. All the
experiment is carried out at constant temperature of 25 °C.

2.2. Crystallization of CaCOs under Langmuir monolayer of BSA

The prepared supersaturated calcium bicarbonate solutions were
poured into a Langmuir trough (KSV Minitrough), and the air-water
interface was swept and aspirated before deposition of the surfactant
solution. Pressure-area isotherms were recorded until the pre-set
pressure was reached (15 mN m~!). Each experiment was repeated
three times under the same condition. The crystals as-grown in asso-
ciation with the BSA monolayer were obtained after crystallization for
12 h, by carefully horizontally pushing hydrophilic glass slides
through the air-water interface to allow the direct deposition of the
crystals (face growing into the solution) on the glass slide.

2.3. Characterization of crystal phase and morphology of CaCOs

The sizes and morphologies of the CaCOs crystals were character-
ized using a JSM-5600LV scanning electron microscope (SEM, JEOL Co.
Ltd., Japan, operating at 20 kV). The glass slides with prepared crystals
were mounted on copper sample stubs with a conducting carbon tape

and sputter-coated with gold prior to viewing. The XRD measure-
ments were carried out on an X'Pero Pro X-ray diffractometer (XRD,
Philips Co. Ltd., Holland) at a scan rate of 0.080° s~ !, using Cu-Ka;
radiation (A=1.5406 A) operating at 40 kV and 40 mA as the
excitation source.

3. Results and discussion
3.1. Surface pressure-area curve of bovine serum albumin

Fig. 2 shows the surface pressure-area isotherms of the BSA
protein spreading on pure water and supersaturated calcium
bicarbonate solutions ([Ca?*]=2.5, 5.0, and 7.5 mM). BSA can form
a stable Langmuir monolayer on water surface as reported previously
[24-26]. The pressure-area curves present that the BSA monolayers
have similar surface pressure-isothermal shapes spreading on the
pure water and supersaturated calcium bicarbonate solution. And BSA
Langmuir monolayers on the supersaturated Ca(HCOs), solutions
have a same collapse pressure of about 50 mN/m as that on pure
water. Sanchez-Gutierrez et al. had studied a variety of transfer
parameters for obtain the best conditions to get stable and compact
BSA Langmuir-Blodgett films on water subphase [24]. They found that
the transfer surface pressure near 15 mN/m is optimum because it
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Fig. 2. The surface pressure-area isotherm of BSA spreading on the different subphase
containing supersaturated calcium bicarbonate and pure water. (a) Pure water, (b) 2.5 mM,
(c) 5.0 mM and (d) 7.5 mM.
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guarantees a highly packed state and no segment readsorption of the
molecule from the subphase [24]. We also chose the surface pressure
of 15 mN/m to transfer BSA Langmuir monolayer on pure water and
supersaturated calcium bicarbonate solution.

Since BSA has an isoelectric point of 4.7, and supersaturated
Ca(HCO3), solution has a pH value about 7.2-7.4, the BSA Langmuir
monolayer on the supersaturated Ca(HCO3), solution can be negatively
charged. There exists strong electrostatic attraction between the BSA
molecules and Ca®" ions in the solution, which made the isotherms
spread on supersaturated Ca(HCOs), solutions are more condensed
than that on pure water. At the same time, there also exists electrostatic
repulsion between the Ca®" ions adsorbed under BSA Langmuir
monolayer. Form Fig. 2b to Fig. 2d, we could find the isotherms became
expanded at the surface pressure of 15 mN/m with the increased
concentration of calcium bicarbonate solution from 2.5 mM to
7.5 mM. The average molecular area (A,ma) on different supersaturated
Ca(HCOs3), solution is in the order of Ay s5ima>As0ama>A75ama. IN this
comparison, we expect the mobility of BSA to be similar within each
monolayer, while the spatial distribution of the headgroups and charge
density of BSA molecular at the interface are variable. This result
suggests that the lower subphase concentration, the higher headgroups
and charge density at the monolayer.

3.2. XRD patterns

Fig. 3 shows the XRD patterns of CaCOs; crystals prepared at
different subphase concentrations. The calcium carbonate formed at
different subphase concentrations is composed of calcite phase with
orientated growth along (104) plane. The calcite obtained at a
subphase concentration of 2.5 mM shows a low intensity of diffraction
peaks corresponding to (104) plane (Fig. 3a, JCPDS: No. 83-0578).The
sample obtained at a subphase concentration of 5.0 mM presents
increased intensity of diffraction peaks corresponding to (104) plane
(Fig. 3b, JCPDS: No. 72-1650). With further increase in the subphase
concentration of up to 7.5 mM, the diffraction peak of (104) plane
becomes increasingly stronger and a secondary peak of (208) plane
appears (Fig. 3c, JCPDS: No. 72-1651). The preferential interaction
between the BSA protein Langmuir monolayer and the (104) face of
calcite indicates that these crystal surface locations are energetically
and/or stereochemically favored by the proteins.

3.3. SEM images

Fig. 4 presents the SEM morphologies of CaCOj3 crystals prepared at
different subphase concentrations. The morphologies of the CaCO5
crystals grown under the BSA Langmuir monolayer varied greatly
with increasing concentration of the subphase solution. Disk-like
calcite particles with an average diameter of 0.75 pm were produced
at a subphase concentration of 2.5 mM (Fig. 4a, b). Bowknot-like
calcite particles were formed at a subphase concentration of 5.0 mM
(Fig. 4c, d). According to close SEM observation (Fig. 4d), and the
bowknot-like calcite particles are composed of needle-like crystals.
When the subphase concentration was further increased to 7.5 mM,
the resulting calcite particles formed underneath the BSA Langmuir
monolayer have hexagonal-shaped morphology with a size of 16-
18 um (Fig. 4e, f), while the boundaries of the hexagonal calcite are
composed of small-sized plate-like crystals. SEM images show that
the CaCO3 samples under BSA monolayer consists of discrete crystals
at low supersaturation. At the middle and high supersaturation,
however, small crystals self-aggregate to form complex structure
with different crystal morphologies. Thus it could be feasible to
prepare CaCOs crystals with a variety of morphologies underneath
the BSA Langmuir monolayer by properly adjusting the concentra-
tion of the calcium bicarbonate supersaturated solution.

Generally, the formation of the CaCOs; crystals with different
morphologies at different subphase concentrations corresponds to
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Fig. 3. XRD patterns of calcium carbonate formed at different subphase concentrations.
(a) 2.5 mM, (b) 5.0 mM, (c) 7.5 mM.

different nucleation and growth processes. In the present research, the
constituent molecules or ions in the solution join into aggregates of two
or more particles by collision to form dimers, trimers, tetramers, and so
forth. Before the embryos reach a critical radius r., they are unstable
even when a positive thermodynamic driving force Au is applied. A free
energy barrier, so-called nucleation barrier, needs to be overcome in
order to form nuclei of a critical radius r.. After the process of
overcoming the nucleation barrier, a second phase transition stage of
growth begins. It has been reported that protein may recognize and bind
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Fig. 4. SEM images of calcium carbonate formed at different subphase concentrations. (a and b) 2.5 mM, (c and d) 5.0 mM, (e and f) 7.5 mM.

to specific crystal faces, affecting nucleation, growth and morphology
[27]. In this study, the protein macromolecules first formed a framework
at the solution surface, and calcium ions were bound to the biopolymer
chains via the carboxyl groups, resulting in a locally high concentration
of calcium ions inside the framework, consequently inducing the
nucleation. This process is similar to that occurring in the biominer-
alization process in vivo [28]. According to the nucleation and growth
theory [29,30], the activation energy (AGy) must be overcome to form a
new nucleus. AGy can be expressed as:

AGy = 16m(AG,)? / 3(KTInS)?
AGy = (KTInS)

Where AG; is the surface energy needed to form the new interface
and maintain the crystal growth, AGg is the binding energy of crystal,
k is Boltzmann constant, T is temperature, and S is the supersaturation
degree of the solution. As seen in the above equations, the decrease of
surface energy AG; or the increase of S leads to decrease of the
activation energy for crystal nucleation.

BSA molecule (582 AA; Fig. 1) has an isoelectric point (pl) of 4.7,
lower than the pH (7.2-7.4) of subphase solution. Thus the surface of
the BSA Langmuir monolayer should have surplus negative charges,
implying that BSA could strongly attract Ca?* ions in the solution via
electrostatic interactions, leading to an enrichment of local Ca®"

concentration. In the present work, the concentration of Ca®>™ ions at
the monolayer surface is generally independent of the concentration
in the bulk [31], implying that it should be the BSA Langmuir
monolayer that has decisive effect on the nucleation of CaCOs. In
addition to the putative BSA cation-binding by Asx residues, the
presence of Lys and Arg residues may provide active sites for
interaction with carbonate counterion. These acidic and basic
residues, in conjunction with Ser and GIx residues, also provide active
sites for hydrogen-bonding with water, and the presence of Gly
residues generate considerable flexibility along the protein backbone.
At the same time, owing to the dissolved CO, coming from the air-
solution interface, the pH value at the interface would be reduced and
the degree of supersaturation would be increased [32-33]. Moreover,
the active nucleation sites offered by BSA for the growth of CaCO5
particles could reduce the surface energy, leading to reduction of AGy,
favoring the formation of the most stable high-energy phase.

Aside from the BSA Langmuir monolayer, some factors such as pH,
temperature, and supersaturation degree also play key roles in
controlling the growth and morphologies of CaCOs crystals. As one
of the thermodynamic driving forces, the supersaturation degree is
the most decisive parameter for crystallization process and has a
tremendous influence on the mechanisms such as crystal nucleation,
growth and aggregation, which will affect the morphology of crystals
[30]. Therefore, the concentration of Ca%* ions in the aqueous bulk
phase should have a vital effect on the crystal growth and morphology
of CaCOs3, while the BSA Langmuir monolayer could function to modify
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the morphology of calcium carbonate via the interaction with Ca?*
ions in the subphase solution.

To sum up, the morphological differences of the CaCOs crystals
formed at different subphase concentrations could be attributed to the
variation in the subphase concentration and the interactions between
the BSA Langmuir monolayer and Ca®* ions in the subphase solution.
Further work is underway to reveal the role of the BSA Langmuir
monolayer and subphase concentration in the nucleation and growth
processes of the calcium carbonate at more details.

4. Conclusions

Pure calcite particles with different morphologies were success-
fully prepared through biomimetic routes from the supersaturated
calcium bicarbonate solution underneath BSA Langmuir monolayer as
a model of biomineralization-associated proteins. The BSA Langmuir
monolayer showed obvious influence on the orientation crystal-
lization, growth processes and hence the morphology of calcium
carbonate crystal, while the concentration of calcium bicarbonate
solution obviously influenced the final morphology or aggregation
mode of calcite crystals. This research could provide important
information about the interaction between protein matrix and
crystallization of calcium carbonate, which is useful to understand
the mechanism of biomineralization.

Acknowledgements

This work was supported by Natural Science Foundation of China
(No. 20371015), Program for New Century Excellent Talents in
University (No. NCET-04-0653).

References

[1] S. Mann, Biomineralization, Oxford University Press, U.K., 2001
[2] JJJ. Donners, RJ.M. Nolte, N.A.J.M. Sommerdijk, ]. Am. Chem. Soc. 124 (2002) 9700.

[3] P.Liang, Q. Shen, Y. Zhao, Y. Zhou, H. Wei, I. Lieberwirth, Y. Huang, D. Wang, D. Xu,
Langmuir 20 (2004) 10444.
[4] F. Manoli, J. Kanakis, P. Malkaj, E. Dalas, J. Cryst. Growth 236 (2000) 363.
[5] A. Tsortos, G.H. Nancollas, J. Colloid Interface Sci. 250 (2002) 159.
[6] S. Hayashi, K. Ohkawa, Y. Suwa, T. Sugawara, T. Asami, H. Yamamoto, Macromol.
Biosci. 8 (2008) 46.
[7] K. Naka, Top. Curr. Chem. 228 (2003) 141.
[8] Z.G.Yan, G.Jing, N.P. Gong, C.Z. Li, Y.J. Zhou, L.P. Xie, R.Q. Zhang, Biomacromolecules
8 (2007) 3597.
[9] T. Takeuchi, I. Sarashina, M. lijima, K. Endo, FEBS Lett. 582 (2008) 591.
[10] C.Zhang, S. Li, ZJ. Ma, L.P. Xie, R.Q. Zhang, Mar. Biotechnol. 8 (2006) 624.
[11] L. Marin-Garcia, B.A. Frontana-Uribe, J.P. Reyes-Grajeda, V. Stojanoff, H.J. Serrano-
Posada, A. Moreno, Cryst. Growth Des. 8 (2008) 1340.
[12] L. Treccani, K. Mann, F. Heinemann, M. Fritz, Biophys. J. 91 (2006) 2601.
[13] S. Mann, B.R. Heywood, S. Rajam, ].D. Birchall, Nature 334 (1988) 692.
[14] S. Mann, B.R. Heywood, S. Rajam, J.D. Birchall, Proc. R. Soc. London, Ser. A 423
(1989) 457.
[15] B.R. Heywood, S. Mann, Langmuir 8 (1992) 1492.
[16] S. Weiner, W. Traub, FEBS Lett. 111 (1980) 311.
[17] S. Weiner, Phil. Trans. R. Soc. London, Ser. B 304 (1984) 425.
[18] D. Volkmer, M. Fricke, C. A, gena, ]. Mattay. J. Mater. Chem. 14 (2004) 2249.
[19] A.Becker, W. Becker, J.C. Marxen, M. Epple. Z. Anorg. Allg. Chem. 629 (2003) 2305.
[20] A. Hernandez-Hernandez, M.L. Vidal, J. Gbmez-Morales, A.B. Rodriguez-Navarro,
V. Labas, ]. Gautron, Y. Nys, J.M. Garcia Ruiz, J. Cryst. Growth 310 (2008) 1754.
[21] L. Addadi, S. Weiner, Proc. Natl. Acad. Sci. U. S. A. 82 (1985) 4110.
[22] J. Sdnchez-Gonzélez, M.A. Cabrerizo-Vilchez, M.J. Galvez-Ruiz, Colloids Surf. B 12
(1999) 123.
[23] Y. Kitano, Bull. Chem. Soc. Jpn. 35 (1962) 1973.
[24] ]. Sanchez-Gonzalez, ]. Ruiz-Garcia, M.]. Galvez-Ruiz, J. Colloid Interface Sci. 267
(2003) 286.
[25] D.C. Clark, LJ. Smith, D.R. Wilson, ]. Colloid Interf. Sci. 121 (1988) 136.
[26] K. Owaku, H. Shinohara, Y. Ikariyama, M. Aizawa, Thin Solid Films 180 (1989) 61.
[27] E. DiMasi, M.]J. Olszta, V.M. Patelb, L.B. Gower, Cryst. Eng. Comm. 5 (2003) 346.
[28] K.Subburaman, N. Pernodet, S.Y. Kwak, E. DiMasi, S. Ge, V. Zaitsev, X. Ba, N.L. Yang,
M. Rafailovich, Proc. Natl. Acad. Sci. U. S. A. 103 (2006) 14672.
[29] AM. Travaille, E.G.A. Steijven, H. Meekes, H. van Kempen, J. Phys. Chem. B 109
(2005) 5618.
[30] X.Y. Liu, S.W. Lim, J. Am. Chem. Soc. 125 (2003) 888.
[31] MJ. Lochhead, S.R. Letellier, V. Vogel, J. Phys. Chem. B 101 (1997) 10821.
[32] L.Fernandez-Diaz, A. Putnis, M. Prieto, C.V. Putnis, J. Sediment. Res. 66 (1996) 482.
[33] S. Raz, P.C. Hamilton, EH. Wilt, S. Weiner, L. Addadi, Adv. Funct. Mater. 13 (2003)
480.



